These experiments suggest that CREB and CREM are regulated by the circadian system but do not show whether or not they play a causative role in establishing Summary circadian rhythms. In Drosophila, the mechanism of the circadian clock We report the role of dCREB2, the Drosophila homolog has been worked out in some detail. The two bestof CREB/CREM, in circadian rhythms. dCREB2 activity characterized circadian genes in Drosophila are period cycles with a 24 hr rhythm in flies, both in a light:dark (per) and timeless (tim dian effects on feeding and substrate availability.
pCaSpeR transformation vector and injected into Drosophila embryos to generate transgenic lines (Rubin and Spradling, 1982) , referred to as CRE-luc lines throughout this paper. A mutant CRE-luc reporter construct (mCRE-luc) was also generated in which the consensus CRE sites were mutated to TGAAATCA ( Figure 1A ). dCREB2 protein binds this mutant CRE site with at least 20-fold lower affinity in gel shift experiments (Yin et al., 1995b ). This construct is otherwise identical to wild-type CRE-luc.
Luciferase activity in the CRE-luc flies was monitored according to the method of Brandes et al. (1996) , with some modifications (see Experimental Procedures). Briefly, flies were maintained on a 12 hr light:12 hr dark cycle at 25ЊC on standard food. The flies were then loaded into 96-well microtiter dishes containing an agar/ sucrose solution supplemented with luciferin, the substrate for luciferase. In vivo expression of luciferase activity was measured in a plate-reading luminometer, with the expression level of each fly being measured hourly over a period of 6-10 days.
The expression of luciferase in the wild-type CRE-luc flies oscillates in a 24 hr rhythm ( Figure 1B ), both in a light:dark cycle (white bars:black bars) and in constant darkness (gray bars:black bars). The main peak of activity occurs just after lights out, with the nadir just before the main peak. Since this rhythmic transcription pattern is sustained in constant darkness, it is regulated by the circadian system, rather than simply being a response to light. In light:dark conditions, a second peak is observed in the middle of the day; however, these two peaks gradually blend together under conditions of constant darkness ( Figure 1B dian effects on feeding and substrate availability.
S162 Is a Mutation in the dCREB2
Gene Schedl, 1994) to reduce potential positional effects caused by the random insertion site of the transgene S162 is a mutation that was isolated in a screen for lethal mutations on the Drosophila X chromosome (Eberl (Henikoff, 1994). The construct was cloned into the Figure 2 . Characterization of the S162 Mutation (A) Crossing S162/FM7 heterozygous females to wild-type males results in fewer than 0.5% of the male progeny carrying the S162 mutation (left panel). This percentage of S162 males can be increased by crossing S162/FM7 females to transgenic males homozygous for a heat shock-inducible form of dCREB2, hs-dCREB2-10. This construct encodes an isoform of dCREB2 (see Experimental Procedures). The transgene is induced by a daily 60 min heat shock of 37ЊC during the larval and pupal stages of development. This results in 50% of the male progeny carrying the S162 mutation (right panel). (B) Western blot analysis of extracts from wild-type males and S162 escaper males. Extracts were prepared from whole flies and were analyzed on a 12% denaturing SDS-polyacrylamide gel followed by Western blot analysis. A mouse monoclonal antibody (mAb 27) raised against fulllength dCREB2 was used to probe the membrane. This antibody recognizes two wild-type dCREB2 proteins of about 38-40 kDa, indicated by the arrow. The S162 mutant forms are indicated by an arrowhead. The high molecular weight band observed in both lanes is a crossreacting band. (C) Expression of the CRE-luc reporter in S162 mutant flies. S162/FM7 females were mated to males homozygous for the CRE-luc reporter transgene. Escaper males of the genotype S162/Y; CRE-luc/ϩ were assayed in the luminometer. The traces represent an average of data from 15 flies (S162 mutants) or 30 flies (wild type). See Figure 1 legend for description of the graph. et al., 1992). The S162 mutation and the dCREB2 gene suggest very strongly that S162 is a mutation in the dCREB2 gene. both map to the 17A1-5 region (Eberl et al., 1992; Usui et al., 1993). S162 is lethal, although not completely penetrant, with fewer than 0.5% of hemizygous S162
The CRE-luc Reporter Is dCREB2 Responsive, Demonstrating that dCREB2 Activity Cycles males surviving to adulthood (Figure 2A, left) . These escaper males are about three-fourths the size of wildin a Circadian Rhythm To verify that the CRE-luc reporter reflected dCREB2 type flies but are otherwise apparently normal. The lethality can be completely rescued by induction of a activity, we crossed the reporter into the S162 mutant background. Figure 2C shows that the S162 mutation dCREB2 transgene, hs-dCREB2-10, during development ( Figure 2A, right panel) . This suggests that S162 dramatically reduces both the expression levels (amplitude) and cycling pattern (periodicity) of the reporter, is an allele of dCREB2. To confirm this, we performed Western blot analysis of extracts made from S162 esdemonstrating that the reporter is dCREB2 responsive. Therefore, the cycling of the reporter indicates that caper males ( Figure 2B) . A monoclonal antibody (mAb 27) was used that recognizes a doublet of dCREB2 isodCREB2 activity cycles in a circadian manner. This data shows that the activity of dCREB2 cycles forms, indicated by the arrow. In S162 extracts, these wild-type forms do not exist while several smaller, mubut does not show whether or not the actual protein level cycles. Flies entrained on a 12 hr light:12 hr dark tant forms are present, indicated by the arrowhead. Taken together, these three converging lines of data cycle were collected every 4 hr over a 24 hr period, and head extracts were prepared and analyzed by Western (comapping, transgene rescue, and protein analysis) flies; standard error, standard error of the mean period; n, number Flies were collected every 4 hr over a 24 hr period. Total extracts of flies for which a period could be calculated. were prepared from heads, and equal amounts of protein were loaded and analyzed by Western blot as described in Figure 2. blot using the mAb 27 antibody (Figure 3) (Figure 4 and Table 1 ). This demonstrates be that dCREB2 Ser-230 phosphorylation oscillates, but that the short period phenotype is caused by the S162 only in a small subset of cells in the brain. Alternatively, mutation rather than a second site mutation elsewhere the oscillation of the CRE-luc reporter may be due to on the chromosome. It also shows the involvement of the oscillation of a dCREB2 binding partner or a different dCREB2 in the timing of the clock. kinase (see Discussion).
S162 Affects per Expression dCREB2 Affects the Circadian Clock
If S162 is indeed acting in the clock, then it should affect These experiments show that dCREB2 activity is under the per clock gene. We assayed the effects of S162 circadian control, but they do not show whether dCREB2 on two different per-dependent reporters. The first is a plays a role in maintaining the rhythms or is just respontranscriptional fusion with a 4.2 kb fragment of the per sive to them. We used the S162 mutation to address this promoter upstream of the luciferase reporter gene, requestion. To test for behavioral effects of the mutation, ferred to as per-luc (Brandes et al., 1996). The second S162 escaper males were assayed for circadian locomois a translational fusion containing the same promoter tor activity (see Experimental Procedures). The flies fragment, plus the 5Ј untranslated region and the first were tested for 10 days in constant darkness to deter-2.4 kb of the per coding region fused in frame to the mine whether they displayed normal circadian fluctualuciferase gene, referred to as BG-luc (Stanewsky et tions in activity. Of the 34 S162 mutants tested, 13 (38%) al., 1997). When the expression of these reporters was were arrhythmic while the 21 that were rhythmic had a short period averaging 22.8 hr (Figure 4 and Table 1 ). compared, it was found that the BG-luc reporter cycles Flies were analyzed for circadian locomotor activity as described in the Experimental Procedures. Both S162 mutant flies (black bars) and S162 mutants that had been rescued by developmental induction of hs-dCREB2-10 (gray bars) were assayed. See also Figure 5A , the S162 mutation reduces both the expression level and cycling pattern of the per-luc reporter. However, its effect on the BG-luc reporter is weaker ( Figure 5B ). In S162 flies, the BG-luc reporter maintains a robust cycling pattern, although its expression level and amplitude are reduced. The peak in the mutant background also occurs in advance of the peak in wild-type flies ( Figure 5C ), consistent with the short period phenotype of these flies. In this experiment, both the wild-type and mutant flies appear to have slightly longer than 24 hr rhythms ( Figure  5B ; see also Figure 1B ). This is probably a result of using the luciferase reporter to monitor rhythms, since the circadian rhythms measured via monitoring luciferase in the luminometer tend to be a bit long. Therefore, the locomotor assay is better for measuring exact period lengths ( Figure 4 and Table 1), whereas the luminometer assay is useful for rougher measurements of period length and for comparisons between lines. The luminometer is also more amenable to high-throughput assays. The strong disruption of per-luc expression in S162 shows that per expression is controlled, at least in part, by dCREB2. The smaller effect of S162 on BG-luc, however, suggests that while dCREB2 affects per expression via its promoter, there are compensatory posttranscriptional mechanisms that can partially overcome the transcriptional defects.
In order to demonstrate a direct effect of the S162 mutation on the clock, we also examined its effect on the Per protein itself. Wild-type and S162 flies were entrained on a 12 hr light:12 hr dark cycle and aliquots were frozen every 2 hr throughout the cycle. Head extracts were prepared and analyzed by Western blot using an antibody directed against Per. Two independently isolated sets of samples were analyzed and generated the same results, although only one is shown. Figure 6A shows the circadian oscillation of Per protein in wildtype flies. Per is present at very low levels at ZT 6 and ZT 8 (Zeitgeber time), increasing to peak levels before lights on, which occurs at ZT 0. A corresponding change in phosphorylation, and protein mobility, accompanies the change in absolute levels, with Per becoming more highly phosphorylated as it accumulates (Edery et al., 1994). This temporal pattern of Per is altered in the S162 mutant background (Figure 6B ), where Per is present at more equal levels throughout the circadian cycle. At the peak time, ZT 20, the amount of Per is at least comparable to that in wild-type flies; however, it de- For instance, the levels or activity of the dCREB2 effects of S162 on Tim protein were assayed in the same cofactor, CBP, may cycle. Alternatively, a kinase that experiment. Figures 6C and 6D show the same blots phosphorylates dCREB2 at a residue other than Seras in Figures 6A and 6B after they were stripped and 230, and which affects its activity, may cycle. It is also reprobed with an antibody that recognizes Tim. The possible that dCREB2 RNA or protein levels cycle in a effect of S162 on Tim is much more subtle than the small subset of cells in the brain, causing fluctuations effect on Per. The Tim protein appears to accumulate that are below the detection levels of our assays. slightly sooner in the mutant than in the wild type (ZT 12 versus ZT 14); however, its overall oscillation remains fairly normal. tions of the per promoter, focusing on the first 4 kb but a dCREB2 mutation would have no effect on Per upstream of the transcription start site, which was activity. Our data shows that dCREB2 acts as if it were shown to be sufficient for generating wild-type levels of both an input and an output gene. The S162 dCREB2 per expression. A 69 bp fragment from the per promoter mutation affects Per levels, and the per 0 mutation recontaining an E box site was found to be sufficient for duces dCREB2 activity, showing that the two genes rhythmic expression of per and rhythmic behavior in mutually affect each other's activity. Two models would flies (Hao et al., 1999) . However, the absolute levels of be most consistent with this data. One is that dCREB2 transcript produced by this fragment could not be tested plays two separate roles in circadian rhythms: one as since it was fused to two different heterologous basal an input gene, and one as an output gene. In support promoter elements, which varied in their effect on exof this, the work in mammals showing that CREB is pression. Previous work showed that 1. (Hardin et al., 1992) . Therefore, the region between 1.2 and 4 kb upstream to speculate that many genes may have rhythmic patterns in their activity, which when assayed in unsynchroof the transcription start site is required for normal expression levels of per. There are three CREB binding nized tissue culture cells appear to be independent of the circadian system. Indeed, in the fly it has been shown sites, at positions Ϫ3210, Ϫ2990, and Ϫ1335, which lie in this region (P . Hardin, personal communication) . The that many tissues are actually photoreceptive, and the oscillations of per activity in these tissues can be reset Ϫ1335 site, CGACGTCA, differs by only one base from the consensus CRE site (TGACGTCA), while the Ϫ3210 by light (Plautz et al., 1997) . However, this is not likely to be the case in mammals, where light is unable to and Ϫ2990 sites contain the first five bases of the consensus site (TGACG), which are sufficient for CREBreach most tissues. Autonomous cycling of transcription in tissue and tissue culture cells need not imply that mediated transcription (Sassone-Corsi, 1995). Since the S162 mutation reduces per-luc reporter expression, it these actually function in vivo in an independent manner. Instead, it is more likely that in whole mammals, cells is possible that dCREB2 contributes to per expression by acting through these sites. Further experiments will and tissues are capable of maintaining rhythmic transcription, but they are subservient to the central circabe needed to test this hypothesis and clarify the mechanism by which dCREB2 affects per expression. dian system, which entrains them, insuring synchrony. Figures 6A and 6B) , indicating that there is likely to be a compensatory change, reversing the effects on ments that determine transcription initiation. However, the only transcript that cycles is the one that is initiated transcription. These other changes probably affect posttranslational processes (phosphorylation, dephosphorfrom exon III, which is the promoter regulated by CREB. Therefore, rhythmic transcription mediated by CREB ylation, and/or degradation).
Per and dCREB2 Affect the Activity of Each Other

In the mammalian SCN, the immediate-early gene
Our results place dCREB2 in the clock mechanism may be quite general. and suggest that its function is to contribute to high levels of per expression. 
